NOTICE 


THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 



HTIC FILE COPY 


AD-A160 664 




DTIC 

ELECTEI 


OCT 3 3 H8S 


D 




AN INVESTIGATION OF THE USE OF BANDWIDTH CRITERIA FOR ROTORCRAFT HANDLING-QUALITIES SPECIFICATIONS 

Chris L. Blanken, Ccurtland C. Bivens, and Matthew S. Whalley 
Aeromeohanios Laboratory 

U.S. Army Research and Technology Laboratories (AVSCOM) 

NASA Ames Research Center 
Moffett Field, California 9A035 


Ab stract 

y 

The objective of this study was to Investi- 
gate bandwidth concepts for deriving rotorcraft 
handling-qualities criteria frcm data obtained In 
two simulator experiments conducted at the Aero- 
mechanics Laboratory. The first experiment was an 
investigation of the effects of helicopter 
vertical-thrust-response characteristics on hand- 
ling qualities! the second experiment Investigated 
the effects of helicopter yaw-control -response 
characteristics. In both experiments, emphasis 
was on low-speed nap-of-the-Earth (NOE) tasks. 

The results from the thrust-response simulation' / 
indicate the open-loop vertical velocity to col- ; 
lectlve h/6^ bandwidth is greatly Influenced . 
by vertical damping. For the task Investigated, 
Level 1 handling qualities may require an open 
loop bandwidth greater than approximately 
0.5 rad/seo for vertical damping of -0.25 sec ' 
and approximately 0.75 rad/sec for damping of 
-0.65 sec*'. These results imply that for the 
thrust response, criteria ;ased on the open-loop 
h/S bandwidth are not sufficient to ensure good 
handling qualities. The results from the yaw- 
response simulation indicate that an open-loop 
bandwidth of at least 2.5 rad/.sec Is required .'or 
the deceleration task, that a bandwidth of at 
least 3 rad/seo is requ.red for the NOE and hover 
turn tasks, and that a bandwidth of at least 
between 2.5 and W rad/sec la required for the air- 
to-air target acquisition task. Yaw-response 
closed-loop bandwidth analysis showed a high 
001 relation with the open-loop analysis and may 
be useful In predicting the relative merits of a 
configuration before going to a piloted 
simulation. 


Introduction 

There Is a major effort under wi> revise 
and update the general specification for .andling 
qualities of military rotorcraft.' The our-e-. 
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U.S. military rotorcraft-handllng-qualltles speci- 
fication, MIL-H-05O1A (Ref. 2), Is a 1961 revision 
of a 1952 document. This specification contains 
many criteria that are Inadequate for design guid- 
ance or flight testing. New or updated design 
criteria should be developed and substantiated to 
provide data for the new specification. These 
revised criteria must account for the numerous 
demands on the pilot of an advanced military 
rotorcraft. These demands will vary, depending on 
the mission and task and on the environment In 
which they must be flown. For example, a pilot 
flying an attack helicopter nap-of-the-Earth (NOE) 
at night under adverse weather conditions will be 
subject to different demands, which imply differ- 
ent aircraft design requirements, than a pilot 
flying a cargo helicopter In clear day conditions. 
To aid In providing data for mission-oriented 
handling-qualities criteria, the analysis and 
correlation associated with a proposed design 
criteria, called bandwidth, was applied to the 
results of two helicopter simulations. 7he.se 
piloted simulations, conducted by the U.S. Army 
A'-.'omechar.lcs Laboratory at NASA Ames Research 
Center, Investigated the effects of helicopter 
thrust- and yaw-response characteristics on hand- 
ling qualities for NOE flight tasks. 

The following sections describe the bandwidth 
concepts as applied In open- and closed-loop 
analyses: the piloted simulations, Including the 
conduct and variables of the thrust- and yaw- 
response simulations; the results of applying 
the bandwidth analysis; and the conclusions and 
r ecommendat Ions. 


Bandwidth Concepts 


Bandwidth is a qualitative measure of the 
Input-to-output response of a dynamic system. 

Since It Is a measure of the system Input-to- 
output response, multi -parameter changes within 
the system should be captured. This phenomenon 
makes bandwidth an attractive cncerlon. Band- 
width analysis Is conducted In the frequency 
domain and results In a fundamental measure of the 
ability of the system output to follow the system 
input. A higher system bandwidth reflects a 
faster and more predictable aircraft response to 
control Inputs. The Input and output quantities 
selected to define the system bandwidth are those 
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mos" appropriate to the task being evaluated} for 
eXo’ole, heading regulation Involves rudder pedals 
as the Input and yaw angle as the output. The 
bandwidth hypothesis^ originated from the Idea 
that the pilot's evaluation of aircraft handling 
qualities Is dominated by the response character- 
istics of the aircraft when it is operated In a 
closed-loop tracking task. That Is, the pilot's 
capability to make rapid and precise control 
Inputs to minimize errors and thereby improve 
closed-loop tracking performance dominates his 
evaluation. 

The classical definition of closed-loop band- 
width^ Is the frequency at which the Bode ampli- 
tude is 3 dB less than the steady-state amplitude 
of the system {see Fig. 1). Note that for a 
K/s aircraft response characteristic, the 
bandwidth frequency (<vgy) and the Inverse of 
the system time-constant (1/T) are identical. 

Open -Loop Bandwidth 

Since - 'ben-loop crossover frequency Is 
equal to ( ' ^ r hlgh-order systems apprcxl- 
mately equai the classical closed-loop band- 
width, the definition of bandwidth and crossover 
frequency are equivalent. That Is, the open-loop 
bandwidth is defined (from Ref. 3) as the cross- 
over frequency for a simple, pure gain pilot with 
a <15° phase margin or a 6 dB gain margin, which- 
ever frequency Is lower. For example, the fre- 
quency for neutral stability, is observed on 

the phase curve of a Bode plot. Note that typi- 
cally the output quantities selected to define the 
system bandwidth, as related to a vertical-axis 
and yaw-axis tracking task, are altitude and yaw 
angle. For convenient application of the closed- 
loop bandwidth analysis, the open-loop bandwidth 
criterion Is .».pplled to both translational and 
angular rate control responses. Since these out- 
put responses are one Integration away from alti- 
tude and yaw angle, the margins are measured using 
90° of phase angle as a reference (Fig. 2). The 
frequency for which a «5° phase margin exists la 
defined as . The frequency corresponding 

"phase 

to an amplitude ratio that 1s 6 dP less than the 
amplitude ratio at neutral stability Is denoted as 
Wtm • bandwidth <u_u is the lessor of 
™CAIN 

the two frequencies, and 

PHASE GAIN 

Closed-Loop Bandwidth 

A closed-loop bandwidth analysis using a 
simplified pilot model was also investigated using 
the techniques defined in Ref. <t. The Intent of 
this analysis was to take Into account the closed- 
loop nature of the tracking task conducted by a 
human pilot represented by a gain and an effective 


time delay. This model represents a "comfortable" 
pilot who is not providing any lead or lag 
compensation for deficiencies In the vehicle 
dynamics. The objective of this analysis Is to 
determine the maximum obtainable bandwidth. The 
procedure for the pllot-ln-the-loop analysis Is as 
follows: 

1) After obtaining the characteristic trans- 
fer function for the aircraft, for example, 

It Is combined with the pilot model (Fig. 3). The 
assumed form of the pilot's transfer function was 
P(s) • K e where K Is the pilot gain, t 
I s the reaction time delay, and s Is the Laplace 
operator. For e the Pad6 approximation was 
used with the Initial value of t set to 0.3 sec, 
representative of the human neuromuscular time 
delay. 

2) The pilot gain was adjusted to 
achieve a gain of 0 dB at the specified crossover 
frequency. For the yaw response, the crossover 
frequency was 3 rad/sec (Fig. <1). The system was 
then checked for stability, that Is, the phase 
margin was t30°, and the gain margin was ±<< dB. 

3) The loop was closed around the system in 
stop 2, and the gain K /K and an Integrator 

were combined (Fig. 5). The K /K gain was 

adjusted to achieve a maximum gain and phase 
margin of <» dB and 30°. respectively (Fig. 6). 

<<) The outer-loop was finally closed around 
the system In step 3 to obtain the system shown In 
Fig. 7. A Bode plot was obtained of this closed- 
loop sys em. and the bandwidth was determined. 

For the yaw -esponse experiment, the closed-loop 
bandwidth wr-.j defined as the frequency at which 
there was either a 3 dB amplitude ratio change or 
a 90° phase change, whichever was less (Fig. 8). 


Piloted Simulation Studies 

The bandwidth concepts were applied to two 
helicopter simulator experiments designed and 
performed by the U.S. Army Aeromechanics Labora- 
tory at Ames Research Center. These piloted, 
ground-based simulations were conducted on the 
Ames Vertical Motion Simulator (VMS) (Fig. 9). 

The simulator cab was configured to Include a 
typical helicopter instrument panel and control- 
lers. The visual display consisted of a computer- 
generated image (CGI) scene p'~esented on four 
windows, furnishing the pilot with a 28° by 120° 
field of view above the Instrument panel; In addi- 
tion, there was a 29° by <40° right-hand chin- 
window scene. 
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Thruat-Responae Simulation 

The thruat-reaponae almulatlon atudlea we/e 
performed on the VMS ualng a ten-degree-of- 
freedom, nonlinear, full -force mathematical model 
termed ARMCOP (Ref. 5). Aural cueing of the rotor 
apeed (rpm) fluotuatlona and blade alap, a vlaual 
dlaplay of rotor apeed, and an overapeed and 
underapeed warning light ware provided to the 
pilot. The evaluation taak (Fig. 10) oonalated 
of two phaaea: 1) a kO-knot dolphin, or hedge- 

hopping, phaae, and 2) a qulck-atop and bot- 
up/bob-down phaae. Three Army and throe NASA teat 
pllota aerved aa evaluation pllota. The pllota 
uaed the Cooper-Harper Rating Scale” to aaaeaa the 
effecta of height (or flight path) control and 
rotor apeed control on handling qualltlea. Each 
phaae. of the evaluation taak waa rated aeparately. 

The Cooper-Harper (C-H) pilot rating acale la 
atructured into three dlatlnct groupa or levela. 
Level 1 correaporida to C-H pilot ratlnga of 1, 2, 
and 3; Level 2 carreaponda to C-H pilot ratlnga of 
A, 5, and 6j Level 3 to C-H pilot ratlnga of 7, 8, 
and 9. Level 1 handling qualltlea are clearly 
adequate for the mlaalon taak; Level 2 handling 
qualltlea are adequate to accofflpllah the mlaalon 
taak, but aome Increase In pilot workload or 
degradation In mlaalon effectlveneas exlata; and 
Level 3 handling qualltlea are auch that the air- 
craft can be controlled safely, but pilot workload 
la excessive or mission effectiveness la Inade- 
quate or both. 

The primary variables In this study were 
those which affect the power-system response 
time. They were the engine-governor response time 
and the rotor Inertia. Other variables were heli- 
copter vertical damping, collective control sensi- 
tivity, excess power available, and the require- 
ment that the pilot maintain rotor apeed within 
specified limits. The variations In engine- 
governor response, rotor Inertia, and vertical 
damping provided the baals for the bandwidth 
analysis. For the purposes of this paper the 
engine-governor response characteristics are cate- 
gorized as slow, Intermediate, and fast. Like- 
wise, the values of rotor Inertia are categorized 
as light, medium, and heavy. The two values of 
vertical damping were Investigated; 

-0.25 see"' and -0.65 sec"’. 

Details of these configurations along with 
C-H pilot rating results and conclusions for all 
the variables may bo found In Ref. 7. The follow- 
ing la a conclusion from Ref. 7: 

Increasing rotor Inertia and engine-governor 
time constant will decrease power-system natu- 
ral frequ icy, but for the simulated tasks, 
will affect handling qualities In different 


ways; Increases In governor time constant can 
significantly degrade the handling-qualities 
rating, but Increases In rotor Inertia have 
only a minor and desirable effect on handling 
qualities. These two parameters must, there- 
fore, be treated Independently In handling 
qualities requirements. 

It was this conclusion that prompted interest In 
the bandwidth hypothesis with the hope that these 
two opposing effects would collapse Into one so 
that a unique parameter (bandwidth) could be used 
to characterize good handling qualltlea. 

Yaw-Response Simulation 

The yaw-control simulation studies were con- 
ducted using a amall-perturbatlon helicopter 
model^ which has the full nonlinear set of 
kinematic terms in seven-degree-of-freedom (DOF) 
equations of motion. (A rotor speed DOF was 
Included.) The evaluation task (Fig. 11) con- 
sisted of NOE flight and deceleration, low- and 
high-maneuvering turns, and an alr-to-air target- 
acquisition and tracking task. Four test pilots 
served as evaluation pilots. The pilots used the 
C-H rating scale to assess the effects of direc- 
tional rats damping Np, directional control 
sensitivity H. , and weathercock stability N„. 

«p 

Each phape of the evaluation task was rated sepa- 
rately. Details of these configurations along 
with pilot rating results and conclusions are 
given In Ref. 9. Three points were noted In the 
evaluations: 

1 ) Higher values of directional gust sensi- 
tivity Ny require greater values of yaw damping 
Np, to achieve satisfactory handling qualities for 
NOE flight, deceleration, and hover turns. 

2) Performance measures, when used alone, can 
give misleading Information regarding aircraft 
handling qualities. 

3) Np Is not a sufficient parameter for 
fully defining acceptable handling qualities for 
the alr-to-air target-acquisition task; control- 
response criteria are also needed, especially for 
SCAS configurations. 

The bandwidth analysis was applied to the various 
yaw-response configurations to determine if band- 
width would capture these multiparameter effects 
In a single parameter. 

Results of Applying Bandwidth Concepts to 
Simulation Studies 

The results of applying the bandwidth 
analysis to the thrust-response and a yaw-response 
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simulation results are discussed. The correlation 
of bandwidth with the pilot ratings is presented 
together with recommendations for minlnum values 
of system bandwidth to meet handling-qualities 
requirements for the tasks Investigated. 

Thrust-Response Simulat ion 

To assist in characterizing the various con- 
figurations evaluated by the pilots, frequency- 
response data were collected. This analysis con- 
sisted of 1) applying a single frequency, sinisol- 
dal collective control Input, to the simulated 
aircraft; 2) recording this input and selected 
v«nlcle output states, such as vertical velocity 
h; 3) repeating this procedure with several fre- 
Pienoies, between 0,1 and 10.0 rad/sec: *1) measur- 
ing the amplitude ratio and phase-angle shift 
associated with each frequency; and 5) plotting 
these data onto a Bode plot. The above procedure 
was repeated for three different collective Input 
amplitudes, • tO.2, tO.5, and tl.O in. to 

account for possible nonlinear effects. Using 
these frequency-response data obtained from the 
various thrust-response configurations, an cpen- 
loop bandwidth analysis was conducted. The band- 
width analysis Is discussed with regard to the 
effects of 1) the variations In engine-governor 
response and rotor Inertia, 2) the variation in 
the amplitude of the collective control Input, and 
3) the variation in vertical damping. 

. Figure 12 shows a typical Bode plot for a 
fast- and a slow-responding engine-governor with 
medium rotor inertia and ■ tO.2. The open- 

loop bandwidth analysis was applied to these and 
similar Bode plots for the thrust-response con- 
figurations evaluated. 

Figure 13 shows the open-loop bandwidth 
for the three engine-governor responses and three 
rotor Inertias versus the averaged C-H pilot rat- 
ings from the bob-up task. Note that the value of 

was derived based on a collective Inout 
amplitude of ±0.2 in. and - 0.25 sec" . The 
data points may be banded to capture the variation 
of the engine-governor response ranging from fast 
to slow and the variation of the rotor Inertia 
from light to heavy. The figure indicates ,nat an 
h/i^ bandwidth greater than about 0.5 rad/sec Is 
necessary to ensure Level 1 handling qualities. 

Review of the pilot collective control 
Input magnitudes during the Initiation of the bob- 
up maneuver showed ranges from 0.5 to 2 In., 
depending on the pilot's aggressiveness in 
performing the maneuver. The open data symbols 
(Zy - -0.25 sec’’) in Fig. 1U show the open-loop 
bandwidth for the three different collective 
contrcl Input magnitudes versus the averaged 
C-H pilot ratings from the bob-up task where the 


value of (Ugy is based on the medium rotor 
inertia. The larger collective control inputs 
.5 and ±1.0) indicate an h/6 

c 

greater than about O.k rad/sec as neces- 
sary for Level 1 pilot ratings. It Is felt that 
the larger collective control Inputs may be more 
representative for correlation based on the magni- 
tude of the actual pilots' control Inputs required 
for this task. Note that the open-loop bandwldths 
for the oonf Iguratlons with - ±1.0, are very 

similar, and use of the bandwidth as a discrimina- 
tor for levels of handling qualities seems mar- 
ginal. Frequency-response data for collective 
Input amplitudes greater than ±1.0 in. are neces- 
sary before final analysis and recommendations can 
be made. 

Figure Ik also shows the effect of vertical 
damping Z^. This figure shows the open-loop 
bandwidth for two different values of Z„ versus 
the averaged C-H pilot ratings from the bob-up 
task. Note that for a medium rotor Inertia, the 
data points may again be banded, but into two 
distinct groups associated with the two values of 
vertical damping Z^ - -0.25 sec*' and 
-0.65 sec*'. The data points within these bands 
Include the variation In the engine-governor 
response from fast to slow and variation in the 
amplitude of the collective control input. Note 
that the vertical damping appears to have a 
greater effect on the bandwidth requirement than 
does the engine-governor response or collective 
input amplitude. Also note that there are con- 
figurations on the Level 2-3 borderline 
(Zy • -0.65 sec*') with a higher bandwldtli 
than sane of the Level 1 configurations with 
Zy - -0.25 sec*'. These results imply that for 
the thrust response, criteria based on open-loop 

h/6 bandwidth are not S'..fflclent to ensure good 
c 

handling qualities. In particular, some require- 
ments based on Z^^ and (perhaps) engine-governor 
characteristics are required. 

In summary, the results of the thrust- 
response simulation indicate that the open-loop 
bandwidth for Level 1 handling qualities should 
be greater than about 0.5 rad/sec for 
- -0,25 sec*' and 0.75 rad/.sec for 
Z^ - -0.65 sec*'. The effects of vertical 
damping on the open-loop bandwidth should be 
further Investigated and analyzed. 

The closed-loop analysis for the thrust- 
response simulation is not discussed in this 
paper because of the need for additional 
frequency-response data and analysis in order to 
Interpret further the existing results. 
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Yaw-Response Simulation 

To characterize the configurations evaluated 
by the pilot In the yaw-response sltnulatlon, an 
Idealized headlng-rate-to-pedal control -input 
transfer function i/S-i was assumed. From this 
transfer function Bode^plots were obtained for 
open-loop and closed-loop analyses, using the 
matrix of the experimental variables that were 
evaluated. An Idealized form of this transfer 
function may be assumed with good confidence since 
the mathematical helicopter model^ used for these 
studies was a small-perturbatlon model utilizing 
stability derivatives, which are functions of 
velocity. 

The open-loop system block diagram Including 
the assumed form of the J/A transfer function 
where Y^ • Is shown In Fig. 15. The 

closed-loop system block diagram Is shown In 
Fig. 7. The experimental matrix showing the 
primary configurations that were evaluated Is 
shown' In Fig. 16. A linear analysis computer 
program^ was used to obtain the open-loop Bode 
plots and to perform the closed-loop analysis and 
subsequent Bode plots. 

Figure 17 shows an example of the open- and 
closed-loop Bode plot, the corresponding band- 
widths, and the averaged C-H pilot ratings for the 
tasks evaluated. Figure 18 shows the open-loop 
heading rate bandwldths for the experimental 

matrix of variables evaluated versus the averaged 
C-H pilot ratings for the NOE task, the decelera- 
tion task, the low-hover-turn task, and the air- 
to-air target-acquisition task. The high-hover- 
turn was omitted here because of the similarity of 
those data and the low-hover-turn data. 

For the NOE task, open-loop bandwldths 
greater than about 3.0 rad/sec result In consider- 
able Improvement In the pilot ratings. Also, for 
the NOE task there Is a relatively high linear 
correlation between Increased open-loop bandwidth 
and Improved C-H pilot ratings. The deceleration 
and hover turn tasks have some linear correlation, 
but the overall trend appears nonlinear and task- 
dependent. The air-to-air task has a nonlinear 
trend of bandwidth versus C-H pilot ratings. This 
trend Implies that the open-loop bandwldths 
corresponding to the best pilot ratings for the 
task are 2.5 rad/sec i S U.O rad/sec. Pilot 
comments support this trend. 

For the configurations with bandwidth greater 
than A.O rad/sec, pilot oomnents Include the 
following: "the aircraft was slightly sluggish," 

"the tendency for overshoot," and "yaw aircraft 
control took moderate pilot compensation." For 
the configurations with bandwldths leas than 

2.5 rad/sec, pilots commented about "continuously 


overshooting and undershooting the target," 

"unable to hold the plpper steady on target," 
and "excessive amount of time to decrease the 
tracking error." The pilot comments for 
configurations with bandwldths between 2.5 
and rad/sec Include "easy to generate a raplo 
yaw rate, acquire, and track target." An 
exception to this occurs for the configuration 
with an open-loop bandwidth of A rad/sec and an 
average C-H pilot rating of about 5.5. For this 
case, even though the bandwidth was between 2.5 
and 4 rad/sec. It received a degraded pilot rating 
because the control-response parameter was set at 
one-half of the nominal value, that Is, It was set 
at 3.5 deg. sec”' In."' of pedal compared with 

7.5 deg. sec*' In."' of pedal nominally. 

In summary, based on the configurations and 
tasks evaluated In the yaw-response simulation, 
the open-loop bandwidth for the best C-H pilot 
ratings show the following: 


Task 

NOE 

Deceleration 
Low hover turn 
Alr-to-air 
target aqulsltlon 


Open-Loop Bandwidth 
>3 rad/sec 
>2.5 rad/sec 
>3.0 rad/sec 
2.5 rad/sec S ug^ 

S4 rad/sec 


The closed-loop bandwidth analysis, which was 
previously described, was applied to the yaw- 
response configurations and correlated with the 
C-H pilot ratings. Figure 19 shows the closed- 
loop bandwidth versus C-H pilot ratings for the 
NOE task, the deceleration task, the low-hover 
task, and the alr-to-air target-acquisition task. 
There appears to be a moderate correlation between 
the C-H pilot ratings and the closed-loop band- 
width. The NOE and deceleration task Indicate 
that closed-loop bandwldths greater than about 

3.6 rad/sec are necessary for Level 1 handling 
qualities. Although Level 1 ratings were not 
attained for the low-hover-turn and alr-to-air 
target-acquisition tasks, the best ratings for 
these tasks correspond to closed-loop bandwldths 
greater than or equal to 3*0 rad/sec. 

A linear correlation analysis was performed 
on the open- versus closed-loop bandwidth data for 
each configuration. Figure 20 shows that the 
correlation was extremely high, thus Indicating 
that either analysis may be used with a linearized 
simulation model. 

Finally, an Investigation was made Into tdo 
use of a simple pilot model as a predictive tool 
for yaw-control handling-qualities research. 

The pilot gain resulting from the closed-loop 
bandwidth analysis was correlated with the 
C-H pilot ratings for the NOE task (see 
Fig. 21). The correlation Indicates that if an 
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aircraft systein and pilot model produce a pilot 
gain greater than 20 in. rad"’ then the handling 
qualities will be relatively good for that task. 

To confirm the validity of this approach, a con- 
figuration not evaluated during the simulation but 
known to be a bad configuration from the initial 
simulation checkout phase was analyzed. Closed- 
loop bandwidth analysis of this configuration 
produced a pilot gain of 13*86 in. rad ’. Com- 
paring this pilot gain with the results presented 
in Fig. 21 shows this configuration to yield pre- 
dicted handling qualities in the Level 2 region 
(C-H pilot rating of 6). This analysis provides a 
preliminary confirmation of the predictive cap- 
ability of the closed-loop bandwidth analysis. 


Conclusions and Recommendations 


1) The 
directional 
on handling 
loop (iJ/6 ) 


ti ends of the effects of variations in 
rate Jitplng and weathercock stability 
qualities can be predicted by an open- 
bandwidth analysis. 


2) For the configurations evaluated the fol- 
lowing open-loop bandwidths provide the best hand- 
ling qualities: greater than 2.5 rad/seo for the 

deceleration task, greater than 3 rad/sec for the 
MOE and hover tasks, and between 2.5 and i) rad/seo 
for the air-to-air target-acquisition task. 


3) Yaw-response closed-loop bandwidth analy- 
sis results showed a high correlation with those 
of the open-loop analysis and may be useful In 
predicting the handling qualities of a particular 
configuration for a specific flight task. 


The concepts of bandwidth, open- and closed- 
loop, were evaluated for deriving handling- 
qualities criteria from data obtained during two 
helicopter simulator experiments. The first 
experiment, a thrust-response simulation, was an 
investigation of handling-qualities effects of 
engine-go verno” response time, rotor inertia, 
vertical damping, collective control sensitivity, 
excess power, and rotor speed control. Applies- 
tion of a bandwidth analysis to these simulation 
data Indicates the following. 

1) The variations in engine-governor response 
times and rotor inertia and their effects on hand- 
ling qualities can be captured by an open-loo*p 
bandwidth criterion. But the bandwidth criterion 
must be accompanied by requirements for the air- 
craft vertical damping. For a bob-up task, with 
vertical damping of -0.25 sec"’, the open- 

loop (b/Sg) bandwidth to ensure Level 1 handling 
qualities must be greater than approximately 
0.5 rad/sec. With a vertical damping of 
-0.65 sec"’, the open-loop bandwidth to ensure 
Level 1 handling qualities must be greater than 
approximately 0.75 rad/sec. The effects of verti- 
cal damping on the open-loop h/6^ bandwidth 
needs further investigation and analysis. 

2) Since the frequency-response data 

(h/6 ) were gathered for collective control inputs 
equal to or less than ±1.0 in., additional fre- 
quency-response data with larger collective con- 
trol inputs will also have to be investigated 
before a final bandwidth criterion recommendation 
can be made. 

The second experiment, a yaw-response simu- 
lation, was an investigation of the handling- 
qualities effects of directional rate damping, 
directional control .sensitivity, and weathercock 
stability. Application of a bandwidth analysis to 
these simulator data indicates the following. 


References 

’key, D. 1., "The Status of Military Helicopter 
Handling-Qualities Criteria," Paper No. 11, Con- 
ference Proceedings CP-333, the AGARD FMP Special- 
ists Meeting on Criteria for Handling Qualities of 
Military Aircraft, Ft, Worth, Texas, Apr. 1982. 

^"Helicopter Flying and Ground Handling Qualities, 
General Requirements for," MIL-H-8501A, Sept. 7, 
1961 . 

^Hoh, R. H., Myers, T. T,, Ashkenas, I. L., 
Ringland, R. F., and Craig, S. J.., "Development 
of Handling Quality Criteria for Aircraft with 
Independent Control of Six Degrees of Freedom," 
AFWAL-TR-81-3027, Systems Technology, Inc., 
Hawthorne, Calif., Apr. 1981. 

‘‘Lebacqz, J. V. and Aiken, E. W., "A Flight 
Investigation of Control, Display and Guidance 
Requirements for Decelerating Descending VTOL 
Instrument Transitions Using the X-22A Variable 
Stability Aircraft," Calspan Report Wo. AK-5336- 
F-1, Buffalo, Wew York, Sept. 1975. 

^Talbot, P. D., Tinling, B. E. , Decker, W. A., and 
Chen, R. T. N., "A Mathematical Model of a Single 
Main Rotor Helicopter for Piloted Simulation," 

NASA TM-81203, 1982. 

®Cooper, G. E, and Harper, R. P., "The Use of 
Pilot Rating in the Evaluation of Aircraft Hand- 
ling Qualities," NASA TN D-5153, 1969. 

^Blanken, C. L. and Corliss, L. D., "Thrust 
Dynamics and Helicopter Handling Qualities," Army 
Science Conference Proceedings, Vol. 1, p. 39, 

U.S. Military Academy, West Point, New York, 

June 1989. 


6 


8 


Alksn, E. W., "A Mathematical Representation of 
an Advanced Helicopter for Piloted Simulator 
Investlpsatlons of Control System and Display 
Variations," NASA TM-81203, 1980. 


^Dlvens, C. C., "Directional Handling Qualities 
Requirements for Nap-of-the-Earth Tasks," to be 
presented at the AHS Forum, Ft. Worth, Texas, 

May 15-17, 1985. 

^®Shah, S. C., Walker, R. A., and Gregory, C. Z., 
"MATRIX-X User's Guide, Vil.O," Integrated Systems, 
Inc., Palo Alto, Calif., 1985, 


PURE 

GAIN 

PILOT AIRFRAME 


J K 


‘‘p T 


OPEN LOOP 
AIRFRAME, 6/6 




CLOSED LOOP 
PHASE 


I -90 


FREQUENCY DOMAIN 



Fig. 1 Classical definition of bandwidth from 
(from Ref. 3). 


Fig. 2 Definition of closed-loop bandwidth, 


(oigy - lesser of 


PHASE 


BW 


). 


BW 


CAIN 


PILOT 

MODEL 


A/C 

CHARACTERISTIC 

TRANSFER 

FUNCTION 


It **-tS 


(SI 






p 




WHERE _ .1 SI 2 , S 2_ 


111 13 CRA&.1 
I DllC TAB 

Unannounced 

Jjstltication 




(FADE APPROXIMATIOA^) 


, By — 

' Distribution f 


Fig. 3 Pilot model and aircraft transfer function. 
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Fig. 5 Intermediate step in closed-loop an^’/ols 
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Fig. 7 Complete closed-loop model. 
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Fig, 10 Thrust-response simulation task. 
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Fig, 11 Yaw-response simulation task. 
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Pig. 12 Typical thrust response, h/6^ Bode plot. 
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Fig. 15 Yaw-peeponse block diagram for open-loop analysis. 
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Fig. 18 Correlation of pilot rating with yaw-response open-loop bandwidth. 
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Fig. 19 Correlation of pilot rating with yaw-response closed-loop bandwidth. 
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